Since the discovery of nerve growth factor (NGF) 35 yr ago, it has become the prototypical and most highly characterized neurotrophic factor (Levi-Montalcini et al., 1954; Thoenen and Barde, 1980; Levi-Montalcini, 1987) . In the PNS, NGF supports sensory and sympathetic neuronal survival and axonal growth during development (Gundersen and Barrett, 1980) . In the adult animal, regenerating peripheral axons can be attracted and guided by NGF (Gundersen and Barrett, 1980; Collins and Dawson, 1983) . More recently, it has been shown that the CNS of adult mammals is also influenced by NGF. The CNS has been shown to contain NGF mRNA by in situ hybridization and by Northern blot analysis (Ayer LeLievre et al., 1983) , NGF antigen by immunohistochemistry and radioimmunoassay (Greene and Shooter, 1980; Ayer LeLievre et al., 1983) , biological activity by bioassay (Scott et al., 1981) , and NGF receptors by immunocytochemistry and autoradiography (Tani-uchi and Johnson, 1985; Richardson et al., 1986) . Cholinergic neurons of the basal forebrain appear to be a primary target of NGF action in the brain, because radiolabelled NGF injected into cholinergic target regions such as the hippocampal formation is taken up by axons and retrogradely transported to cholinergic cell bodies in the basal forebrain (Schwab et al., 1979; Seiler and Schwab, 1984) . Further, mRNA for NGF has been localized to target neurons of cholinergic cells in the forebrain of the rat. The highest levels of NGF in the CNS are found in regions innervated by cholinergic neurons of the septal complex and basal nucleus of Meynert (Sheldon and Reichardt, 1986) , and the majority of NGF receptors in the adult rat and monkey brain are found on cholinergic neurons (Kordower et al., 1988; Batchelor et al., 1989) .
Complete transection of the fimbria-fomix (FF) pathway in adult rats results in retrograde degeneration of both cholinergic and noncholinergic neurons located in the septal nuclei (Wainer et al., 1985; Gage et al., 1986; Hefti, 1986) . One explanation for this degeneration is that septal neurons, which project to the hippocampal formation via the FF, become deprived of a critical supply of NGF normally provided by the target cells in the hippocampus. This hypothesis is supported by the fact that chronic intracerebroventricular infusion of NGF in rats with FF lesions prevents the degeneration of basal forebrain cholinergic neurons (Hefti, 1986; Williams et al., 1986; Kromer, 1987; Gage et al., 1988) . NGF may also stimulate sprouting of axotomized choline@ axons (Gage et al., 1988) and promote their regenerative capacity (Tuszynski et al., 1990a) . Early retrograde degeneration studies in primates (Daitz and Powell, 1954) indicated that fomix transection in monkeys also leads to cell loss in the septal nuclei. Recent demonstrations that NGF receptors are localized to cholinergic neurons of the monkey septal nuclei (Kordower et al., 1988; Schatteman et al., 1988) , and our interest in studying the extent to which NGF effects in the rat brain could be generalized to the primate brain prompted the development of a model for evaluating whether NGF infusion could prevent degeneration of choline& neurons in the primate.
Materials and Methods
The experimental procedure in our primate model is analogous to that used previously in the rat Gage et al., 1988) .
Eight Macaca fascicularis monkeys were tranquilized-with ketamineHCl (25 ma/kg. i.m.) and deenlv anesthetized with Nembutal (25-30 -_ \ ~-mg/kg) whiie gart rate, body temperature, and respirations were monitored. After placement of the monkey in a stereotaxic frame, the scalp was shaved, incised in the midline, and retracted laterally. Two craniotomies were performed. Through the first, anterior craniotomy, a perfusion catheter was placed in the right frontal horn of the lateral ventricle. This craniotomy was performed 20 mm anterior to the intraural line and centered over the gyrus. The dura was opened and retracted over the superior sag&al sinus. The entry point through the superior frontal gyrus into the lateral ventricle was identified stereotaxically at coordinates + 1.3 mm mediolateral (M/L), +20 mm anteroposterior (A/P). A 28-gauge stainless-steel cannula (Plastic Prod. Co., Roanoke, VA), bent to a right angle 17 mm from its tip, was then introduced at these coordinates and lowered into the ventricle (Fig. 1) . The proximal end of the cannula device was connected to kink-resistant vinyl tubing (Bolab Inc., Lake Havasu City, AZ) and filled with experimental solution (described below). Accurate dorsoventral placement of the cannula into the lateral ventricle was determined by electrophysiological recording of extracellular unit activity and verified by direct observation of free flow of the fluid column in the polyvinyl tubing into and out of the ventricular system. After accurate placement, the cannula was immobilized to the skull with dental acrylic, forming a cranioplasty over the cranial defect. Three small screws placed into the skull secured the acrylic platform. The tubing was then clamped pending completion of the second craniotomy.
The craniotomy for direct section of the fomix was then performed 4 mm anterior to the intraural line. The craniotomy was 20 mm in diameter and centered to the right of midline. The dura was once again incised and retracted over the contralateral hemisphere. This exposed the interhemispheric fissure and cingulate gyrus. Cortical bridging veins that entered the superior sagittal sinus were preserved wherever possible. The ipsilateral hemisphere was then retracted from the falx cerebri to expose the underlying corpus callosum. The splenium and the overlying anterior cerebral arteries were identified, and a self-retaining retractor was used to expose the ipsilateral cingulate gyrus. A point 5 mm anterior to the tip of the splenium, on the surface of the cingulum, was selected for entry into the trigone of the lateral ventricle.
Using an operating microscope, the lateral ventricle was approached through the cingulum and corpus callosum. A bipolar coagulator and microsuction were used to remove a core of tissue pointing towards the roof of the lateral ventricle over a 5-mm area on the surface of the cingulum directly superior to the corpus callosum. An opening was created into the ventricular system, then enlarged to visualize the trigonal region. The choroid plexus was coagulated and excised to prevent hemorrhage. Trauma to the ependymal lining ofthe ventricle was avoided because ependymal veins are fragile and hemorrhage easily. In the ventricular trigone, the fomical bundle was easily identified as a 2-3-mm-wide white, isolated bundle occupying the medial aspect of the trigone and overlying ependyma. After identification of its lateral and medial borders, the fomix was lifted from the ependyma and transected with either microscissors or the bipolar coagulator. Visualization of midline draining veins ensured complete medial transection of the fornix.
Upon completion of the fomical transection, fluid was irrigated into the ventricular cannula that had previously been placed into the frontal horn, providing further confirmation that the pump apparatus directly Figure I . Drawing of medial aspect of primate brain in sag&al section. Projection from basal forebrain via fomix to hippocampus is shown. A window has been cut in the corpus callosum to reveal the infusion cannula in the frontal horn of the lateral ventricle. The cannula is connected by tubing to a subcutaneously placed osmotic pump. Also indicated is the surgical approach to the fomix at the level of the ventricular trigone, where the fomix is completely transected unilaterally: the hatched area indicates the parenchymal resection required for the surgical approach; the unhatched area indicates the area of brain retracted but not resected. communicated with ventricular fluid. The dura was closed. A subcutaneous tunnel was made in the posterior nuchal region, and polyvinyl tubing attached to the intraventricular cannula device was then connected to an Alzet model 2ML4 osmotic pump (flow rate, 2.5 rl/hr; capacity, 2 ml; Alza Corp., Palo Alto, CA). Into the pump was placed either a control (vehicle) solution consisting of artificial cerebrospinal fluid (CSF) with 0.1% primate serum and 50 &ml gentamycin (4 animals) or the same solution plus 180 &ml of 2.5S-mouse+NGF (4 animals). NGF was obtained from a commercially available source (Bioproducts for Science) and was qualitatively active in an in vitro PC-12 neurite extension assay and a 2-site enzyme-linked immunosorbent assay (ELISA) for NGF protein levels (see below).
The craniotomy wound was closed in layers, and each animal received postoperative antibiotics (ampicillin, 250 mg, i.m.) daily for 7 d. At the end of a 4-week observation period, the animals were very deeply anesthetized with ketamine and Nembutal and perfused transcardially for 1 hr with a 4% solution of paraformaldehyde in 0.1 M phosphate buffer. Fixative was cleared from the brain by additional perfusion with 5% sucrose solution in the same buffer for 20 min, and the brain was stereotaxically blocked in the coronal plane and cryoprotected for histological processing.
At the time of perfusion, osmotic pumps were removed from the animals, and the amount of fluid remaining in the pumps was measured. This allowed verification that the pumps had actually functioned during the infusion period. Residual pump fluid was assayed in 2 vehicleinfused and 3 NGF-treated animals for NGF activity using a 2-site ELISA sensitive to 5 pg/ml (Weskamp and Otten, 1987) . In addition, just prior to perfusion, 3 cc CSF were obtained from the cistema magna in 2 vehicle-infused and 2 NGF-treated animals to assay NGF levels.
Brains were cut on a sliding microtome at 40-rm intervals, and every sixth section through the septal complex was processed either by a Nissl method, a histochemical stain for AChE, or immunohistochemically with monoclonal antibodies directed against ChAT (kindly provided by Dr. Bruce Wainer) or NGF receptor (NGFr; kindly provided by Dr. Mark Bothwell; Batchelor et al., 1989) . Immunohistochemical labeling was performed according to previously published protocols. Briefly, the ChAT procedure consisted of (1) 48-hr cold incubation of antibodv against ChAT after 1:500 dilution with 0.1 M Tris-buffered saline containing 2% BSA, 20% rabbit serum, and 0.5% Triton X-100; (2) 1-hr incubation in biotinylated rabbit anti-rat IgG (Vector Laboratories) diluted 1:50 with Tris-buffered saline containing 10% monkey serum and 0.2% Triton X-100; (3) 2-hr incubation in peroxidase-antiperoxidase (PAP) diluted 1:50 followed bv rinse in 0.1 M Tris-buffered saline and a second 2-hr PAP incubation; (4) treatment with a 0.05% solution of 3.3'-diaminobenzidine in phosphate buffer plus 0.015% H,O, for 15 min; and (5) osmium tetroxide intensification.
Immunolabeled tissue sections were mounted onto gelatin-coated glass slides, air dried, and covered with Permount and glass coverslips.
Primary NGFr antibody specific for NGFr was obtained from a hy- procedure briefly consisted of (1) 48-hr cold incubation of antibody against NGFr after 1:2000 dilution 'with 0.1 M Tris-buffered saline cont&ing 1% BSA. 1% normal horse serum. and 0.4% Triton X-100: (2) 1 -hr incubation in biotinylated horse anti-mouse IgG diluted 1:2bi) in 2% normal horse serum and 2% normal monkey serum; (3) 1 -hr incubation with avidin-biotinylated peroxidase complex (Vector Laboratories) diluted 1: 1000 with Tris-buffered saline containing 1% aoat serum: (4) treatment with a 0.05% solution of 3.3'-diaminob&zid&e in imidazdle buffer plus 0.005% H,O, and 2.5% nickel-ammonium sulfate for 15 min; and (5) osmium tetroxide intensification.
Immunolabeled tissue sections were mounted onto gelatin-coated glass slides, air dried, and covered with Permount and glass coverslips:
The number of ChAT-and NGFr-labeled neurons was auantified independently by 2 observers, one of whom was blind to the experimental manipulations.
All forebrain sections possessing medial septal neurons as a population distinct from the dorsally situated diagonal band were quantified (7-8 sections per animal), amounting to no fewer than 800 neurons counted per animal. Microscopic sections were analyzed with a 10 x objective using a 0.5 x 0.5-mm counting grid. Cells labeled positively with peroxidase reaction product and possessing either (1) a cell body with emerging fiber or (2) a cell body with welldefined nucleus were counted. Cell counts on each side of the septum for all sections per animal were added, and results were expressed as percentage of neurons remaining labeled on the lesioned side compared to thz unlesioned side of each animal.
Student's t test was used to determine differences between the vehicleinfused and experimental groups (4 animals per group).
Results
Monkeys recovered from surgery within 12 hr and tolerated the infusion period well. Animals did not dislodge the pumps or cannulae, infections did not occur, and no overt indications of toxicity were present.
In 7 of the 8 animals, histological examination revealed complete unilateral transection of the fornix (Fig. 2A) ; in the eighth animal (a vehicle-infused animal), a very thin remnant of the fomix remained intact, though cell degeneration in the septum was as extensive as that observed in other animals.
In all animals, a tract was visible at the level of the septal complex extending through the cortex and underlying corpus callosum to enter the lateral ventricle, corresponding to the tract of the intraventricular cannula (Fig. 2B ). Parenchymal necrosis in the brain as a result of the intraventricular infusions was not detected.
Histochemical examination in both vehicle-infused and NGFtreated animals revealed shrinkage of tissue volume in the septum ipsilateral to the fomix lesion (Fig. 2B ). AChE and ChAT staining of the hippocampi in both groups of animals demonstrated a severe reduction of choline& fibers in the caudal half of the hippocampus ipsilateral to the fomix lesion, attesting to
The Journal of Neuroscience, November 1990, 70(11) 3607 the completeness of fomix lesions (Fig. 3) . As in the rat, cholinergic fibers to the rostra1 portion of the monkey hippocampus arrive via both the fomix and a ventral trajectory; therefore, Nissl-stained sections demonstrated moderate loss of largediameter neurons in the medial septum ipsilateral to the fomix lesion (Fig. 7) . Quantification of these changes is in progress. Measurements of NGF activity in the pump fluid after the 4-week infusion period in 3 animals that received NGF revealed that 76% of the original concentration of NGF remained, while NGF activity measurements in pump fluid from 2 vehicle-infused animals showed no NGF activity. Thus, NGF appeared to maintain antigenic activity on ELBA during the month-long infusion period. Moreover, NGF concentration measured in the Figure 3 . A and a, Photomicrograph of AChE-labeled fibers in hippocampus on nonlesioned side of brain. Normal distribution of fibers is seen, with heavy labeling present in the molecular layer. g, granule cell layer; m, molecular cell layer. Magnification: 12.5 x (A), 160 x (a). B and b, Severe loss of cholinergic fibers is seen in the hippocampus ipsilateral to the fomix lesion, especially in the outer molecular layer of the dentate gyrus. Reduction in thickness of the dentate layer is also evident. NGF-treated animals showed the same degree of hippocampal denervation as did vehicle-infused animals, because axons of spared ChAT-IR neurons were presumably unable to bridge the fomix lesion cavity. Magnification: 40x (B), 160x (b) . CSF taken from the cistema magna of 2 vehicle-infused animals revealed no detectable NGF (assay sensitive to 5 pg NGF/ml), whereas measurements in 2 NGF-treated animals showed levels of 0.88 and 2.13 rig/ml, respectively.
Taken together, these results indicate that chronic infusion of mouse NGF results in elevated levels of NGF in the ventricular system and a significant reduction of retrograde cell changes in a group of basal forebrain cholinergic neurons in the nonhuman primate.
Discussion
The failure to maintain 100% of ChAT-IR neurons on the side of the fomix lesion after NGF treatment may be due to several factors. For example, higher doses of NGF may be required. We chose a concentration of 180 Mg NGF/ml based upon extrapolation of the NGF dose used in rat studies (Gage et al., 1988) taking into consideration the increased volume of the primate CSF space. However, because the diffusion distance to reach cholinergic cell bodies or axotomized neurites may be greater in primates than in rats, still higher NGF concentrations may be required. Alternatively, mouse NGF may not be of sufficient sequence homology to primate NGF to render a maximal effect (Ulhich et al., 1983) ; experiments using recombinant human NGF in the current model are underway to address this issue. Finally, the degree of retrograde neuron degeneration is influenced by a number of factors, including the distance of axotomy from the cell body (Lieberman, 1971; Torvik, 1976) . It is possible that a ceiling effect for prevention of cholinergic neuron degeneration exists, independent of NGF effects, depending upon the degree of mechanical disruption of the axotomized neuron.
The proportion of ChAT-and NGFr-labeled neurons lost in t vehicle-infused animals, and the proportion spared in NGFtreated animals, was virtually identical in the current study. This result is consistent with previous anatomical studies demonstrating that 95% of primate basal forebrain neurons colocalize for ChAT and NGFr and therefore represent the same neuronal populations (Kordower et al., 1988) .
Whether primate basal forebrain cholinergic neurons undergo death, permanent atrophy, or a combination of these after fomix lesions is unanswered by the present study. In the rat model, considerable evidence indicates that a combination of neuronal death and atrophy occur in cholinergic basal forebrain neurons after axotomy (Hagg et al., 1988; Montero and Hefti, 1988; Tuszynski et al., 1990b) . A loss of medial septal Nissl staining after fomix lesions was evidenced qualitatively in the present study and previously by others (Daitz and Powell, 1954) , suggesting that some neurons die after the fomix lesion. However, whether these lost Nissl neurons are choline@ cannot be determined by methods used in the present experiment because enzymatic cholinergic markers including ChAT and NGFr may be downregulated following neuronal injury (Reis and Ross, 1973; Lams et al., 1988) . Thus, though NGF infusions clearly prevent retrograde degeneration of primate basal forebrain cholinergic neurons, whether or not this effect is "trophic" (deathpreventing) is currently undetermined.
Degeneration of selected neuronal populations characterizes a number of neurodegenerative disorders, including Alzheimer's disease (AD), Parkinson's disease, amyotrophic lateral sclerosis, and others. It is possible that neurotrophic-factor therapy in some ofthese disorders may be beneficial in preventing neuronal degeneration (Appel, 198 1) . Disturbance in cholinergic function appears to be an important but partial characteristic of AD, in which multiple populations of neurons undergo degeneration, including cholinergic, noradrenergic, and serotonergic neurons, among others (for review, see Bartus et al., 1982; Coyle et al., 1983) . Loss of cholinergic basal forebrain neurons appears to be of particular importance in AD, however, because the degree of choline@ degeneration has been correlated both with the presence of pathological markers of AD in the brain (i.e., density of senile plaques in the brain) and with the severity of dementia that comprises the predominant clinical manifestation of this disease (Bartus et al., 1982; Coyle et al., 1983) . The cholinergic system also plays a prominent role in memory, and memory loss is a key clinical feature of AD. Mild improvement in some features of cognitive dysfunction in AD have resulted from augmentation of cholinergic function [e.g., treatment with anticholinesterases and ACh precursors (Bartus et al., 1982; Coyle et al., 1983; Sunde and Zimmer, 1983; Sunderland et al., 1988) ]. In animal models, deficits in memory tasks occur after pharmacological choline& blockade or lesions to choline& neurons and are partially reversed by restoration of choline& influence (Bartus et al., 1982; Coyle et al., 1983; Sunderland et al., 1988) . Further, strains of aged rats (e.g., Fisher, SpragueDawley) demonstrate age-related degeneration of cholinergic basal forebrain neurons and deficits on behavioral mnemonic tasks (Bartus et al., 1982; Coyle et al., 1983 ) that can be improved with NGF infusions (Gage et al., 1983; Fischer et al., 1987) . The correlation between memory, choline& neurons, and NGF has led to the hypothesis that NGF may be of therapeutic benefit in AD. In the current study, we have shown that lesion-induced cholinergic neuron degeneration is preventable in primates by NGF therapy. NGF may also be of benefit in preventing cholinergic neuron degeneration in AD, which could in turn improve some cognitive deficits that are characteristic of this disorder (Bartus et al., 1982; Coyle et al., 1983; Hefti and Weiner, 1986) . Studies of NGF protein content, mRNA levels, and NGFr changes both in normal aging and in AD will provide additional useful data to address this question. However, NGF may still be beneficial to dysfunctional cholinergic neurons even if deficient synthesis or enhanced degradation of NGF is not a primary event in a disorder such as AD, for example, by augmenting the function of remaining intact cholinergic neurons.
It is anticipated that neurotrophic-factor intervention would be most efficacious early in the course of AD when a larger population of cholinergic neurons remains intact as a substrate for NGF action; beyond a certain stage of degeneration, the loss of cholinergic populations might render NGF therapy ineffective. Earlier intervention will depend upon development of enhanced diagnostic markers for the disease. The possibility has recently been raised that NGF might promote aberrant neurite changes in the brain (Mobley et al., 1988) , and careful examination of the effects of chronic NGF infusion in the aged nonhuman primate will be essential. Therefore, while neurotrophicfactor therapy may offer promise as a therapeutic tool in some neurodegenerative disorders, prudence suggests that clinical trials should await the presentation of additional experimental support, especially in a primate model system. The results of the present study are a useful but preliminary step in this direction.
